Release of neurotransmitters from synaptic vesicles begins with a narrow fusion pore, the structure of which remains unresolved. To obtain a structural model of the fusion pore, we performed coarsegrained molecular dynamics simulations of fusion between a nanodisc and a planar bilayer bridged by four partially unzipped SNARE complexes. The simulations revealed that zipping of SNARE complexes pulls the polar C-terminal residues of the synaptobrevin 2 and syntaxin 1A transmembrane domains to form a hydrophilic core between the two distal leaflets, inducing fusion pore formation. The estimated conductances of these fusion pores are in good agreement with experimental values. Two SNARE protein mutants inhibiting fusion experimentally produced no fusion pore formation. In simulations in which the nanodisc was replaced by a 40-nm vesicle, an extended hemifusion diaphragm formed but a fusion pore did not, indicating that restricted SNARE mobility is required for rapid fusion pore formation. Accordingly, rapid fusion pore formation also occurred in the 40-nm vesicle system when SNARE mobility was restricted by external forces. Removal of the restriction is required for fusion pore expansion.
Release of neurotransmitters from synaptic vesicles begins with a narrow fusion pore, the structure of which remains unresolved. To obtain a structural model of the fusion pore, we performed coarsegrained molecular dynamics simulations of fusion between a nanodisc and a planar bilayer bridged by four partially unzipped SNARE complexes. The simulations revealed that zipping of SNARE complexes pulls the polar C-terminal residues of the synaptobrevin 2 and syntaxin 1A transmembrane domains to form a hydrophilic core between the two distal leaflets, inducing fusion pore formation. The estimated conductances of these fusion pores are in good agreement with experimental values. Two SNARE protein mutants inhibiting fusion experimentally produced no fusion pore formation. In simulations in which the nanodisc was replaced by a 40-nm vesicle, an extended hemifusion diaphragm formed but a fusion pore did not, indicating that restricted SNARE mobility is required for rapid fusion pore formation. Accordingly, rapid fusion pore formation also occurred in the 40-nm vesicle system when SNARE mobility was restricted by external forces. Removal of the restriction is required for fusion pore expansion.
membrane fusion | exocytosis | transmitter release | molecular dynamics | nanodisc T ransmitter release from secretory vesicles begins with the formation of a narrow fusion pore (1) . The soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins form a minimal membrane fusion machinery (2) . The v-SNARE synaptobrevin-2 (syb2/VAMP2) and the t-SNARE syntaxin-1 (stx1) are anchored to the vesicle and plasma membrane, respectively, by their helical transmembrane domains (TMDs) (3), while the t-SNARE SNAP-25 is anchored at the plasma membrane by four palmitoylated cysteines (4) . The SNARE motifs of syb2, stx1, and SNAP-25 associate via zippering of conserved heptad repeats to form a tight four-helix bundled trans-SNARE complex (5) . The zippering of SNAREs from the membrane-distal N termini toward the membrane-proximal C termini is believed to pull the two opposing membranes together to drive fusion (6) .
A number of studies in which either SNARE transmembrane domains were replaced by lipid anchors (7-9) or a TMD was partially deleted (10) , or in which the C terminus of the syb2 TMD was extended by polar residues (11) , indicated that fusion was inhibited or even arrested, pointing to an important function of the TMD in fusion pore formation. The precise nanomechanical mechanism of fusion and the structure of the nascent pore remain unclear. One model proposes a lipid-based fusion pore (12) , while other studies have suggested a proteinaceous fusion pore with the TMDs of stx1 and syb2 lining the fusion pore, like an ion channel or gap junction pore (9) . Recent experiments using varied-sized nanodiscs (NDs) (13) support the hypothesis that the fusion pore is a hybrid structure composed of both lipids and proteins (14) ; however, there is still no structural model of the fusion pore.
Conventional in vitro reconstitution experiments use liposome/ liposome fusion assays to study SNARE mediated fusion (2, 7, 15) . Accordingly, SNARE-mediated fusion has been studied using coarse-grained (CG) molecular dynamics (MD) simulations of 20-nm vesicles and has been shown to require microsecondlong simulations to observe fusion (16) . Recently, ND/liposome systems in which various copy numbers of syb2 were incorporated in an ND while the t-SNAREs were present on a liposome have been used experimentally to study SNARE-mediated membrane fusion (13, 17) . The small dimensions of the ND compared with a spherical vesicle makes such systems ideally suited for MD simulations without introducing extreme curvature, which is well known to strongly influence the propensity of fusion (18) (19) (20) .
MARTINI-based CGMD simulations have been used in several studies of membrane fusion (16, (21) (22) (23) . To elucidate the fusion pore structure and the mechanism of its formation, we performed unbiased CGMD simulations of ND/bilayer fusion using physiological mixed lipid/cholesterol membranes with asymmetric leaflet composition (24) bridged by four trans-SNARE complexes. Our results show that zippering of the SNARE complex exerts a mechanical force on the membranes, pulling the two membranes together. The force transfer occurs via the helical linker and TMDs, leading to changes in membrane curvature and spontaneous fusion pore formation. The early fusion pore has a proteolipidic structure with a few lipid head groups along with polar residues near the C termini of syb2 and stx1 lining the nascent fusion pore. The simulated fusion pores are consistent with experimental fusion pore conductance measurements. Two SNARE mutants that strongly inhibit fusion experimentally did not produce fusion pores in our ND/bilayer simulations.
Performing simulations with a complex mixture of lipids and asymmetric leaflets aims to understand fusion in physiological membranes but at the same time introduces uncertainty in relating the observed fusion mechanisms to specific system properties. The use of asymmetric membranes has been shown to have significant effects on the fusion barriers (25) . Thus, the simulations of the complex system were complemented by simulations using a comparatively Significance SNARE proteins facilitate the synaptic vesicle fusion with the plasma membrane. The structure of the fusion pore and the mechanism of its formation are not clearly understood. Using coarse-grained molecular dynamics simulations of a nanodisc bridged by four SNARE proteins to a bilayer, we identify the importance of the C termini of synaptobrevin 2 and syntaxin 1 in facilitating fusion pore formation. The conductances of the simulated fusion pores agree with experimental values, and SNARE mutants that inhibit fusion experimentally fail to form fusion pores in the simulations. Confinement of SNARE complexes is essential for rapid fusion pore formation, but release of the SNARE complexes from this confinement is required for fusion pore expansion.
well-defined POPC-membrane vesicle system with a single SNARE complex.
Restricting the mobility of the SNARE complexes by the ND or by application of suitable forces in a vesicle/bilayer system is critical for rapid fusion pore formation, but removal of this restriction is required to prevent rapid closure and allow fusion pore expansion.
Results
Nanodisc/Bilayer Assembly Bridged by Four SNARE Complexes. Since a previous experimental study (17) had shown that three or more SNARE complexes are required for successful fusion and that in the crystal structure, four SNARE complexes are associated through an X-shaped assembly of the TMDs (3), we used an assembly of four SNARE complexes. The system setup consisted of a ND placed on top of a bilayer, with the two bridged by four partially (up to layer +5) unzipped SNARE complexes (Fig. 1A) . The t-SNAREs were placed in a planar bilayer resembling the synaptosomal plasma membrane lipid composition (26) (SI Appendix, Table S1 ) and the syb2 TMDs in an ND with lipid composition presented in SI Appendix, Table S2 .
Starting from the energy-minimized system (Fig. 1A) , a 10-ns equilibration run was performed in which the stx1 TMD tilts spontaneously, pushing the membrane upward, generating a local bending of the plasma membrane bilayer (Fig. 1B) , previously referred to as a "dimple" (27) . This site later forms the point of contact initiating stalk formation in the ND/bilayer fusion simulations ( Fig. 1 C and D) .
Evolution of Trans-SNARE Complex Zipping Induces TMD and Lipid
Tilting. During the initial simulation phase, a spontaneous zipping of layers +5 and +6 occurs ( Fig. 2A) , pulling the ND toward the bilayer. Zipping up to layer +6 of one of the SNARE complexes was sufficient to overcome the repulsive forces between the adjacent membrane surfaces. Thermal fluctuations resulted in initiation of contacts between a few lipid head groups of the juxtaposed monolayers, which occurred close to the SNARE complex(es) zipped up to layer +6 (Fig. 1C) . Analysis of the time course (Fig.  2B) shows that two of the SNARE complexes were zipped up to layer +6. In none of the simulations were layers +7 and +8 zipped before the occurrence of proximal lipid head group contacts.
Zipping of the SNARE domains was associated with a decrease in the angle between TMDs of syb2 and stx1 from ∼120-150°to ∼10-30° (Fig. 2B) , which facilitated tilting of lipids with respect to the membrane normal. Initially, only the lipids located at the periphery of the ND near the scaffold protein were comparatively more tilted and disordered than those in the more central regions of the ND, as shown previously (28) . As the SNARE complex layers zip, lipid tilt increased in the central region of the ND (Fig.  2C) . A few tilted lipids in the proximal leaflets of the ND and the planar membrane adopted a splay conformation (three in Fig.  1C ), associated with each other, forming a hydrophobic core, which rapidly evolved into a metastable stalk within ∼10 ns (Fig.  1D ). Among the lipids in the central region of the ND, the lipids located close to the largely unzipped SNARE complex 3 ( Fig. 2B ) were more ordered while the lipids located between the zipped SNAREs were more disordered (Fig. 2C) . In all 12 simulations, the hydrophobic core was always formed by splaying of the few disordered lipids located between the zipped SNAREs leading to a stalk. Although the time course of specific events varied between different simulations, the stalk was typically formed within 100-600 ns of initial head group contacts. The appearance of lipid tail contacts between the proximal leaflet lipids from the ND and bilayer is shown in SI Appendix, Fig. S1A . Distances between the backbone beads of syb2 residues A74, F77, A81, and L84 and stx1 residues V244, A247, T251, and A254, respectively, corresponding to layers +5 to +8, and the angles (orange) between TMDs of syb2 and stx1 for each SNARE complex (complexes 1-4, from top to bottom). The angle between the TMDs was defined as the angle between a vector connecting the center of mass of residues M95-I98 and I111-F114 of syb2 TMD and a vector connecting the center of mass of residues I266-I269 and I283-I286 of stx1 TMD (orange traces in A). Dashed vertical lines denote the times at which the following events occurred: 1, proximal lipid head group contacts (101 ns); 2, proximal lipid tail contacts (239 ns); 3, distal lipid head group contacts (302 ns); and 4, fusion pore formation. (C) Lipid tilt distribution maps at the start of simulation (5-20 ns; Top), at stalk initiation (230-240 ns; Middle), and at stalk expansion (240-250 ns; Bottom). The site of initial tail contacts is marked with a pink arrow and highly tilted lipids at the ND edge with black arrows (Middle). The color-coding represents the tilt of the lipids in the lower ND leaflet mapped on to the x-and y-coordinates of the corresponding PO4 bead. The positions of the syb2 TMDs from the four SNARE complexes are labeled 1-4. The asterisk marks the formed stalk.
Induction of Distal Leaflet Lipid Interactions and Fusion Without
Stable Hemifusion Intermediate. With the increasing tail contacts between the proximal leaflets, SNARE complex zipping continued. The zippering of layers +7 and +8 was synchronous (Fig. 2B green, blue), as in case of layers +5 and +6. The continued zipping and tilting of the TMDs pulled the phosphate head groups of the distal leaflets toward the hydrophobic membrane/ND cores by their interactions with C-terminal residues of the SNARE TMDs. Simultaneously, the stalk expanded radially, except for three simulations (Sim3, Sim4, and Sim6) in which the stalk expanded into an elongated shape. Nevertheless, in all 12 simulations, stalk expansion was followed by lipid mixing of distal leaflets without the appearance of a stable hemifusion intermediate, as indicated by a rapid drop in distance between the closest phosphates of lipids from the upper ND leaflet and from the lower planar bilayer leaflet to a value <1 nm (SI Appendix, Fig. S1B ).
The fusion pathway proceeded through similar states as shown in Fig. 1 , except for simulations Sim3, Sim4, and Sim6, in which more gradual distance changes involved transient formation of an inverted H II phase (SI Appendix, Fig. S2 ). Appearance of such an H II phase is not a specific feature of the ND system, as it has also been observed in simulations of ∼15-nm vesicle-vesicle fusion in the absence of SNAREs (29), as well as a vesicle bilayer system in the presence of SNARES (16) . These simulations were done on membranes with simpler lipid composition. The elongated inverted H II phase was initiated at the stalk periphery, as previously reported (16) , and later extended into the hydrophobic core, with several TMD residues of syb2 transiently exposed to water. The water contacts of these residues were broken as the hexagonal phase ruptured. The interaction of polar lipid head groups with the penetrating TMD C termini eventually led to fusion pore formation.
C Termini of Syb2 and Stx1 Promote Lipid Mixing and Fusion Pore
Formation. The syb2 C-terminal TMD residues S115 and T116 interacted with lipid head groups in the distal ND leaflet, pulling them into the hydrophobic core (Fig. 3) . At 303 ns (Fig. 3A) , only SNARE complex 4 was zipped up to layer +8, SNARE complexes 1 and 2 had layers +5 and +6 zipped, while in SNARE complex 3, layers +5 to +8 were still unzipped (Fig. 2B) . The inward movement of the head groups was further stabilized by Y113 (Fig. 3A,  arrows) , reducing the free energy cost of desolvating the head groups in the hydrophobic interior. In the distal leaflet of the bilayer, the lipid head groups were correspondingly pulled in by the C terminus of stx1 and were further stabilized by interactions with stx1 TMD residues S281 and T282 (Fig. 3A, arrows) . At 340 ns, three of the SNARE complexes were completely zipped up to layer +8, with the C termini of syb2 and stx1 now positioned close together. At 406 ns (Fig. 3B) , the polar TMD residues Y113, S115, and T116 of syb2 and S281, T282, and G288 of stx1 formed a hydrophilic core between the two distal leaflets, facilitating lipid mixing and fusion pore formation (Fig. 3C) . In all 12 simulations, the C-terminal polar residues of the SNARE TMDs formed a hydrophilic core, facilitating distal lipid mixing, although the time course of lipid mixing, SNARE complex zipping, and precise geometry of the hydrophilic core varied considerably. Because the best experimentally characterized fusion pore property is its conductance (1), we estimated the conductances of the simulated pores (Fig. 4) . Transient fusion pore flickers, some more stable with extended lifetimes, and lipid mixing of the distal leaflets occurred in all simulations (SI Appendix, Fig. S1B ). The MARTINI force field has weaker attractive interactions between the lipid head group and water than those appearing in atomistic simulations, resulting in smaller and less stable water defects in CG membranes (30) , which may promote the brief duration of some fusion pore flickers.
The conductances of the simulated fusion pores were estimated based on fusion pore geometry assuming a conductivity of 15 mS cm −1 for the solution inside the fusion pore (SI Appendix, Methods and Eqs. S1 and S2), averaging over 1-ns intervals (Fig. 4A and SI Appendix, Fig. S7, black traces) . For fusion pores with open times ≥25 ns, the conductance distributions provided mean values of 654 pS for Sim1, 584 pS for Sim2, 428 pS for Sim9, and 460 pS for Sim10 (Fig. 4B) . However, for narrow pores, Eq. S1 overestimated the pore conductances owing to a reduced water/ion diffusion coefficient resulting from interactions with the pore wall (31). Accounting for the reduced water diffusion, factor-corrected fusion pore conductances (Fig. 4A and SI Appendix, Fig. S3, red traces) had mean values of 214 pS for Sim1, 122 pS for Sim2, 71 pS for Sim9, and 68 pS for Sim10, threefold to sevenfold lower than the uncorrected values (Fig. 4C) . The fusion pore conductance correction factor obtained in CG simulations is likely overestimated owing to the larger size of CG water; therefore, we converted selected fusion pore states of Sim1 to atomistic models and repeated the determination of fusion pore conductance correction. These atomistic simulations yielded an approximately twofold-reduced mean corrected conductance. Thus, we consider mean fusion pore conductance values in the range of 150-380 pS to be reasonable estimates.
Restricted Mobility of the SNARE Complexes Prevents Fusion Pore
Expansion. The ND imposes constraints, keeping the four SNARE complexes in close proximity, which promotes rapid formation of fusion pores but allows the fusion pores to flicker, fail to expand, and reclose (Fig. 1F) . To test whether a formed pore is able to expand when these constraints are removed, a stable pore geometry was chosen (Sim1, 650 ns), and the ND region of the fusion pore was transferred into a ∼40-nm vesicle by removing overlapping lipids from the vesicle. After extensive equilibration with the pore geometry restrained, the system (Fig. 5A, Left) was subjected to 170 ns of free simulation, during which the pore rapidly expanded (Fig. 5A, Right) .
Restricted SNARE Mobility Is Required for Rapid Fusion Pore
Formation. In three 600-ns simulations, in which the ND in the initial setup for ND/bilayer simulations was replaced by a ∼40-nm vesicle (Fig. 5B , Left), lipid mixing of the proximal leaflets and stalk formation occurred, but the distal leaflets failed to fuse, and no fusion pores formed. An H II phase was not evident in the vesicle/ bilayer simulations, but for this large system, only three simulations were performed, and H II structures were also rare in the ND simulations (3 out of 12). The formed stalk expanded into an extended hemifusion diaphragm, as has been observed experimentally in liposome fusion assays in which SNARE complex mobility was unrestricted (32) . During this phase, the SNARE complexes move radially away from one another (Fig. 5B, Right) , presumably driven by entropic forces (33) . Thus, the confinement of the SNARE complexes is required for rapid fusion pore formation. To determine whether fusion pore formation in the ND system is indeed due to the restricted mobility of SNARE complexes and not to other properties of the ND, we carried out two simulations of the ∼40-nm vesicle/bilayer system with the lateral mobility of SNARE complexes constrained using two sets of harmonic restraints (SI Appendix, Fig. S4 ). These simulations were based on one of the unconstrained simulations described above and were started at the stage when the stalk had formed, while the SNARE complexes were still in close proximity (270 ns). In both simulations, a fusion pore was formed within 500 ns. In contrast, in the simulations without restrictions, in which the SNARE complexes were free to diffuse, no fusion pores were formed, even when the simulation was extended up to 2 μs.
SNARE Complex Mutations Inhibiting Fusion Do Not Form Fusion
Pores in the Simulations. One critical test to determine the physiological relevance of the simulation of fusion pore formation is to test SNARE protein mutations that strongly inhibit fusion. We tested two such mutations: SNAP-25Δ9, which lacks the nine Cterminal residues and corresponds to the Botulinum Toxin A (BoTox) cleavage product, and the syb2-KK construct, which has two lysines added at the syb2 C terminus.
Experimentally, SNAP-25Δ9 dramatically reduces the frequency of fusion events, as does cleavage with BoTox (34) (35) (36) . In three independent simulations of the ND-planar bilayer system, each 3.5-μs long with SNAP-25 replaced by SNAP-25Δ9 in all four SNARE complexes, no fusion pore formation occurred. Interestingly, in all of these simulations, there was no effect on stalk formation (Fig. 6A) ; however, all of the simulations were arrested at this stage, and none showed mixing of distal leaflets and fusion pore formation, due to the defect in C-terminal SNARE domain zipping (SI Appendix, Fig. S5) .
Experimentally, the syb2-KK construct blocks fusion (11) , and previous CG MD simulations showed increased activation energy to pull the syb2 C terminus deeper into the membrane (37) . We performed three simulations, each 3.5-μs long, with syb2 replaced by syb2-KK in all four SNARE complexes. As for SNAP-25Δ9, mixing of proximal leaflets and stalk formation followed a similar time course as wild-type (WT) syb2, while no fusion of distal leaflets was observed (Fig. 6B) . The mechanism of inhibition differs from that of SNAP-25Δ9, however. In the syb2-KK mutant, zippering was similar to that in WT syb2 (SI Appendix, Fig. S5 ), but the positively charged lysines at the syb2 C terminus interacted strongly with PO4 groups stabilizing the C terminus at the membrane surface, making the formation of negative curvature unfavorable. Intuitively, the pulling of a lysine residue into the membrane would generate larger defects at the membrane, but this would require much greater energy than that generated by SNARE zipping alone.
To assess the energetics of fusion pore formation in WT and SNARE mutants, we used umbrella sampling simulations, with the distances between the centers of mass defined by S115-T116 of syb2 and F287-G288 of stx1 of all four SNARE complexes as the reaction coordinates. The centers of mass of the TMD C termini were chosen because they spontaneously exert motion toward one another, exerting force that leads to fusion pore formation. By decreasing this distance from an initial value of 6.3 nm to 3.2 nm, a potential of mean force (PMF) was calculated (Fig.  6C ). For WT SNARE complexes, the PMF shows very favorable energetics for pore formation. In contrast, the PMF profiles of the mutants that inhibit fusion indicate that pore formation is an energetically unfavorable process. Interestingly, at the early stages along the reaction coordinates, the SNAP-25Δ9 mutant is energetically most unfavorable, reflecting the defect in SNARE complex zippering in this mutant, whereas zippering of syb2-KK is very similar to that of WT syb2 (SI Appendix, Fig. S5 ). Note that no fusion pore forms with syb2-KK (Fig. 6E) , which experimentally inhibits fusion completely (11), whereas a fusion pore does ultimately form for SNAP-25Δ9 (Fig. 6F) , consistent with its ability to support fusion at very low rate (14, 34) .
The choice of membrane composition affects the free energy landscape of stalk expansion (25) . Moreover, choosing the C termini of the syb2 and stx1 TMDs of all four SNARE complexes as the PMF reaction coordinates results in a lack of control over the fusion pathway and thus might not properly reflect the forces exerted by the SNARE complex and its mutants (SI Appendix, Fig. S7 ). Therefore, we performed PMF calculations using a well-controlled POPC vesicle-membrane system with a single SNARE complex and choosing as reaction coordinates the distance between two hydrophilic probes representing the hydration shell of C-terminal ends of the TMD of the SNARE complex (SI Appendix, Fig. S8A ), as described previously (25, 38) . The free energy maximum of the PMF profiles corresponds to the nucleation barrier for pore formation. Once the barrier is overcome, pore formation and expansion proceed along the plateau. The nucleation barrier is ∼10 k B T higher for SNAP-25Δ9 and ∼28 k B T higher for the syb2-KK mutant compared with the WT SNARE (SI Appendix, Fig. S8B ). Interestingly, pore nucleation in WT and SNAP-25Δ9 occurs at nearly the same distance between the probes. In the syb2-KK mutant, the nucleation barrier is shifted along the reaction coordinate to a point at which the TMD C termini are much closer, suggesting that the positively charged C terminus in syb2-KK does not penetrate the membrane and inhibit stalk indentation.
The energetic differences obtained for the different mutants in this simple system confirm the results from the simulations of the complex system described above. In the thermodynamically reversible indentation regime (38, 39) , the difference between the energy profiles of WT and SNAP-25Δ9 shows a linear range with a slope of ∼20 pN (SI Appendix, Fig. S8B ).
Discussion
The structure of the fusion pore mediating transmitter release and the mechanism of its formation remain unknown. Here we present CGMD simulations starting with an ND and a planar membrane bridged by an assembly of four SNARE complexes, partially unzipped up to layer +5, which lead to spontaneous formation of a proteolipid fusion pore. Our simulations reveal the details of the final zippering dynamics and how the TMD C termini pull lipid head groups in the distal leaflets toward the hydrophobic core of the stalk where, together with the C termini, they form a hydrophilic fusion pore initiation site.
Two mutations that inhibit fusion experimentally failed to form fusion pores in our simulations, supporting the physiological significance of the approach used here. These two mutations inhibit fusion by completely different mechanisms. SNAP-25Δ9 prevents proper C-terminal zippering (SI Appendix, Fig. S5 ), reducing the zippering force by ∼20 pN (SI Appendix, Fig. S8 ). Experiments have indicated SNARE complex unzipping at 34 pN but not at 11 pN (40) and have shown reversible unzippingzipping transitions at 18 pN (41) . Given the limitations of CG simulations, the ∼20 pN estimate is clearly in the proper range of zippering forces exerted by the SNARE complex.
The syb2-KK mutant zippers normally, but the added lysines stabilize the syb2 TMD in the membrane such that it is unable to translocate lipid head groups as is required to form the hydrophilic fusion pore initiation site. It is conceivable that the addition of uncharged residues at the syb2 or stx1 C terminus would have only a marginal effect on this process, consistent with previous experimental observations on the ability of SNARE to drive fusion when attached to peptide linkers (39) and the inhibition of fusion by the addition of charged residues to the C termini of syb2 (11) .
Further evidence for the physiological relevance of the fusion pore structures obtained in the simulations comes from the estimates of fusion pore conductances. The fusion pore structures and conductances obtained in the simulations varied widely, as is the case for experimentally determined conductance values, which range from 35 pS up to ∼1 nS. Patch-clamp studies in different cell types have provided mean fusion pore conductance values within the first 50 μs (42, 43) to a few milliseconds (44, 45) ranging from ∼150 pS in human neutrophils (45) to 200 pS in horse eosinophils (42) to 330 pS in mast cells (43, 46) and chromaffin cells (44) . Although the simulations extend only over 2-3 μs, the range of fusion pore conductance estimates is in close agreement with that observed experimentally, suggesting that the fusion pore structures obtained in the simulations closely resemble the structure of fusion pores in living cells.
Experimental evidence indicates that during reconstituted ND/vesicle fusion, syb2 TMD residues I99, V101, C103, I105, and I109 are exposed to the bulk solvent, suggesting that these residues may line the fusion pore (13, 47) . The simulations show that only the C terminus of syb2 protrudes into the fusion pore, while the N-terminal residues of the syb2 TMD lie near the stalk periphery. However, in the simulations in which an inverted H II phase was formed at the stalk periphery (SI Appendix, Fig. S1 ), several hydrophobic syb2 TMD residues were transiently exposed to water, consistent with the experimental data.
The ND/bilayer system used here reveals the detailed molecular mechanics of fusion pore formation by SNARE proteins. The ND constrains the system by keeping the four SNARE complexes in close proximity, promoting rapid formation of fusion pores. When the ND was replaced by a 40-nm vesicle, an extended hemifusion diaphragm formed, as has been observed experimentally with purified SNAREs reconstituted in liposomes (32) . Such states may lead to fusion on a time scale of minutes to hours (2) . Constraining the SNARE complexes in the vesicle/ bilayer system also supported rapid fusion pore formation, demonstrating that it is the constraint, not other features of the ND system, that is key for rapid fusion. Once the fusion pore is formed, the constraints must be released for fusion pore expansion. Brief fusion pore flickers may be due to extended constraint of the SNARE complexes. The formation of a hemifusion state in chromaffin cells that may be followed by fusion pore formation after a long delay (48) may be due to insufficient restriction of the SNARE complexes. Therefore, a switch between rapid fusion pore formation and delayed fusion via a hemifusion intermediate may come from accessory proteins that may restrict the SNARE complexes at a fusion site in the cell.
In the cell, the restriction of SNARE complex mobility may be due to t-SNARE cluster formation (49, 50) and/or interactions with other accessory proteins, such as synaptotagmin or Munc-13 (51). Our results are consistent with the "buttressed ring hypothesis" (52) , which proposes that concentric rings of synaptotagmin and Munc-13 have an essential role as organizers of the SNARE complex assembly and fast fusion and then disintegrate at the time of fusion, thereby allowing for fusion pore expansion (50) . The ND system simulated here mimics the physiological arrangement with restricted mobility of the SNARE complexes, leads to rapid fusion pore formation, and explains the mechanisms of inhibition of fusion by specific SNARE protein mutations.
Methods
Trans-SNARE Complex Model Generation. The initial SNARE complex structure was taken from Protein Data Bank ID code 3HD7 (3). The missing C-terminal residues of syb2, stx1, and SNAP-25 were added. The SNAP-25 linker region residues K83-A100 were modeled, assigning a random coil secondary structure. The structures of syb2 and of the stx1/SNAP-25 t-SNARE complex were separately converted to MARTINI CG models and reassembled to the original SNARE complex. The SNARE domains were then partially unzipped by pulling T116 of syb2 away from G288 of stx1 until layer +5 was unzipped (SI Appendix, Methods). The palmitoyl chains were added to residues SNAP-25 C85, C88, C90, and C92.
Trans-SNARE Complex Membrane and ND Insertion. The t-SNARE TMDs of all four copies of the unzipped SNARE complexes were inserted into the plasma membrane using a self-assembly protocol (24) based on the synaptosomal plasma membrane lipid (26) (SI Appendix, Methods). Beginning with this arrangement of the four SNAREs, the lipid-filled ND was placed in three different orientations with the syb2 T116 residues positioned close to the phosphate groups of the "intravesicular" leaflet and W89 close to the phosphate groups of the "cytoplasmic" leaflet of the ND (37). The system box was resized along the z-axis to 23.0 nm, filled with more water particles and ions to attain a salt concentration of 0.15 M, and subjected to standard CGMD energy minimization and equilibration without any restraints on SNARE proteins. Each of the three systems was subjected to four independent production runs, generating a total of 12 production trajectories (Sim1-Sim12).
Simulation and Analysis. Simulations were carried out using GROMACS 4.5.x (53) using standard MARTINI MD parameters. Details of simulation methods, PMF calculations, and further analyses are provided in SI Appendix, Methods.
